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Scattering cross sectionIn this study, incoherent broadband cavity-enhanced absorption spectroscopy (IBBCEAS) was used to
measure scattering cross-sections of a few common gases in the 650–670 nm spectral range relative to
that of dry air. Precise measurements of scattering cross-sections of these calibration gases in the visible
spectral range are important. The IBBCEAS system developed in the laboratory was calibrated with a low-
loss optical window. The measurements made at 660 nm were compared with previously measured
cross-section values and found to be in good agreement with the existing measurements.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
The studies about scattering and absorption of common gases
have gained considerable attention in the recent past because of
their relevance and importance for calibrating spectroscopic
instrumentation. Light extinction by absorption and scattering
are governed by the well-known Lambert–Beer law. Recent studies
have revealed a deviation from Rayleigh’s k4 dependence of
scattering cross-section for almost all gases when broad ranges
in visible spectrum is considered [1,2]. Using a few measured scat-
tering cross-section values and further extension of these into
entire visible spectrum without proper correction factors intro-
duces errors. A direct measurement of scattering cross-sections
by a sensitive detection scheme is thus desirable in any specific
spectral region of interest. Incoherent broadband cavity enhanced
absorption spectroscopy (IBBCEAS) [3] is a sensitive spectroscopic
technique to measure and quantify trace gases in the atmosphere
with high selectivity and sensitivity [4–6]. Calibration of IBBCEAS
instrument for accurate quantification of trace gases amounts to
accurate determination of effective reflectivity of the mirror pair
constituting the optical cavity in the instrument. It is normally
done by filling the sampling volume of the instrument with an
absorbing gas of known absorption [4,5], or with a non-absorbing
gas with known scattering cross-section [7]. A second approach
where the sampling volume is open to atmosphere, a low-loss opti-
cal window with known loss spectrum may be used for calibration
[6]. In this study the second approach was used for calibrating alaboratory IBBCEAS setup in the 650–670 nm spectral region, and
applied the same to measure scattering cross-sections of five com-
mon gases CO2, O2, N2, Ar and a popular refrigerant R134a (SUVA)
relative to that of dry air.Experimental procedure
We used a traditional laboratory IBBCEAS setup [3–5] (a sche-
matic of which is given in Supplementary Fig. 1) using an optical
cavity of length 1.085 m with a pair of dielectric mirrors (Layertec
GmbH) having a high reflectivity in the wavelength range 630–
750 nm with a manufacturer specified reflectivity of 0.9995 at
660 nm. The light source used was a 150W Xe-arc lamp (Science-
tech, Canada), and its intensity fluctuations were monitored by
diverting a feeble beam to an auxiliary spectrometer (Avantes –
Avaspec 3648). Collimated light filtered in the 650–670 range
was passed through the cavity that encloses a 2-inch cylindrical
sampling volume of about 1900 cm3. An achromatic doublet
focused cavity-transmitted light into an optical fiber and driven
to an Ocean Optics model HR4000 spectrometer. The time synchro-
nized intensity spectra measured by both spectrometers at
0.45 nm resolution were averaged over the same 10-s intervals
and recorded. All gases used for this experiment, though of
commercial grade, are claimed to have more than 99.9% purity
by the distributor.
An anti-reflection coated low-loss optical window of pre-
calibrated loss was introduced into the cavity and its effective
reflectivity calibrated following [6] before closing the cavity for
scattering measurements. The particulate matter and humidity in
the sampling volume was removed by flushing with nitrogen gas
Table 1
Scattering cross sections and scattering efficiencies at 660 nm.
Gas Dry air CO2 O2 N2 Ar R134a
Transmitted Intensity Average count 7228 (I0) 7016 7235 7214 7241 6275
Std dev 10.54 19.75 11.46 13.21 10.96 24.91
Present work Scattering cross section r (1027 cm2) * 5.744 2.016 2.360 1.918 19.97
Dr (std dev) * 0.80698 0.28554 0.33416 0.27170 2.8480
Reference scattering cross section r [2] 2.15 ** 1.935 2.988 1.904 **
Van der Waals radius (pm) ** 233 152 155 188 **
Scattering efficiency Qs(1013) ** 33.59 28.04 31.72 17.4 **
* r of dry air is taken as reference.
** Values not available.
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into the cavity for about 10 min at a low laminar flow rate to
ensure stability and recording of spectra commenced. This was
allowed for about 15 min and the procedure was repeated for all
other gases studied namely, dry air, CO2, O2, N2, Ar and R134a.
The pressure in the cavity (P) was maintained close to atmospheric
pressure (1033 cm of water) while a streamline gas flow was reg-
ulated to a constant rate using a U-tube water manometer by keep-
ing the level difference to 10 cm. The temperature inside the cavity
(T) was monitored using a thermocouple and the number densities
of gases calculated accordingly.
Results and discussions
The effective path length of light in the cavity was about
3.39 km and the cavity stability factor was estimated to be 0.61.
The detection limit for volume scattering coefficient in the current
set up was found to be8.536  109 cm1 which corresponds to a
scattering cross section of 3.491  1028 cm2. This detection limit
is dependent on cavity length as well as effective mirror reflectiv-
ity. The effective mirror reflectivity spectrum retrieved is as shown
in Supplementary Fig. 2(a) and agrees well with the manufacturer
specifications. Standard uncertainty propagation was used to esti-
mate D(1  R), the uncertainty of (1  R), and is found to be 0.14
(14%). The intensity spectra transmitted through the cavity were
processed for calculating the volume scattering coefficients (a) fol-
lowing [4] and divided by the number concentration (calculated
from P and T measurements using ideal gas law) for estimating
scattering cross-sections (r). The values of scattering cross-
sections thus obtained were added to that of dry air
(2.15  1027 cm2 taken from [2]) for each gas to obtain the corre-
sponding absolute r values. The standard uncertainty propagation
is again used to obtain the relative error in r and its standard devi-
ations were estimated by taking standard deviation of time series
of the intensity spectra (in the case of each gas) over a stable period
of measurement for 660 nm. Averaged intensities (counts) at
660 nm for all the gases measured and corresponding standard
deviations are given in Table 1. The scattering cross-sections at
660 nm for all calibration gases and corresponding standard devi-
ations were computed and are depicted in the table accordingly.
The values obtained in this work were compared with previously
reported values [2] and are in good agreement. The scattering effi-
ciency which is the ratio of scattering cross section to the effective
scattering cross sectional area A = pr2, was also calculated in cases
where the Van der Waals radius r of the molecule was available.
Since measurements were made in the wavelength region of
650–670 nm the wavelength dependence of scattering cross-
sections in this region was studied as follows. This wavelengthregion is narrow enough so that any deviation from k4 depen-
dence of scattering cross-section was assumed to be negligible.
From a spectrum computed following [3], spectra of r for N2,
CO2 and R134a were calculated for every 2 nm interval in this spec-
tral region. The scattering cross-section spectra of these gases are
plotted in Supplementary Fig. 2(b) with corresponding standard
deviations depicted as well with a logarithmic scale on the Y axis.
The standard deviations for all three gases were estimated to be
within 15% of the absolute values.
Conclusions
The IBBCEAS method was successfully used for directly measur-
ing scattering cross-sections of a few common calibration gases in
the 650–670 nm spectral region. The effective reflectivity of the
mirror pair used was determined using an anti-reflection coated
low-loss transmission window. The measurements compared well
with previously reported values at 660 nm. Sensitivity of the mea-
surements using IBBCEAS depends on the effective reflectivity of
the mirror pairs used. In the current experimental setup described
here an error of 15% was estimated on the absolute scattering
cross-section measurements.
Acknowledgements
The authors sincerely acknowledge the financial support from
the Department of Science and Technology, Government of India,
SERC Grant No S2/LOP/008(2010). We are also indebted to Albert
Andy Ruth, Laser Spectroscopy Group, University College Cork,
Ireland, for lending a few optical components for the experiment.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.rinp.2016.01.014.
References
[1] Sneep M, Ubachs W. J Quant Spectrosc Radiat Transf 2005;92:293–310.
[2] Thalman R, Zarzana KJ, Tolbert MA, Volkamer R. J Quant Spectrosc Radiat Transf
2014;147:171–7.
[3] Fiedler SE, Hese A, Ruth AA. Chem Phys Lett 2003;371:284–94.
[4] Venables DS, Gherman T, Orphal J, Wenger JC, Ruth AA. Environ Sci Technol
2006;40:6758–63.
[5] Gherman T, Venables DS, Vaughan S, Orphal J, Ruth AA. Eviron. Sci Technol
2008;42:890–5.
[6] Varma RM, Venables DS, Ruth AA, Heitmann U, Schlosser E, Dixneuf S. Appl Opt
2009;48:B159–71.
[7] Chen J, Venables DS. Atmos Meas Tech 2011;4:425–36.
